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Abstract 
In this work, iron oxide nanosheets (NSs) and nanowires (NWs) were fabricated by thermal oxidation of iron foils at 500 and 800 
oC in the presence of water vapour. Oxidation resulted in multi-scale oxide with the surface oxide comprising of α-Fe2O3 and 
inner oxide comprising of mostly Fe3O4. The mechanism of formation is discussed to be based on stress-driven mechanism and 
diffusion paths of iron ions. It was found that the NSs formed could adsorb 112 mg/L aqueous Cr(VI) and the NWs could adsorb 
200 mg/L of Cr(VI). It is suggested that the Cr(VI) removal by the iron oxide NSs/NWs due to the electrostatic reaction between 
the adsorbent and adsorbate. 
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1. Introduction 
Chromium in the form of soluble salts of Cr(VI) ions has been used in wide industrial process especially steel 
and plating industries for centuries. Despite its importance, experience of excessive exposure has shown that Cr(VI) 
acts as an acute irritant, can be allergen and carcinogen to human1. When Cr(VI) is digested, it can cause diarrhea, 
internal hemorrhage or kidney damage2. The World Health Organization (WHO) declared that the parameter limit of 
Cr(VI) effluent in water is 0.05 mg/L3, hence discharge of Cr(VI) to the aquatic environment must be avoided or 
treatment is needed before it is safe to be discharged. Various methods have been employed to remove Cr(VI) from 
wastewater like membrane filtration, electrochemical treatment, chemical precipitation, ion exchange and 
adsorption1. Among those methods mentioned, adsorption is believed to be a rather efficient and cost effective to 
remove Cr(VI). Adsorption is a surface property of a certain solid material which has an ability to attract 
molecules/ions4. In this present work, the solid material reported is iron oxide film in a form of nanosheets (NSs) or 
nanowires (NWs) and Cr(VI) adsorption is expected to happen on these nanostructures.   
Iron oxide exists typically in the form of magnetite (Fe3O4), maghemite (γ-Fe2O3) and haematite (α-Fe2O3)5. 
Recently, iron oxide has attracted attention due to its capabilities on removing heavy metal such as Hg, As, Cu, Cd, 
Pb and Ni from contaminated or wastewater6. Its unique amphoteric properties offers the flexibility on shifting the 
surface charge of the iron oxide to be neutral, positive or negative, hence allowing either anion or cations adsorption 
from aqueous environment5. Normally Cr(VI) ions exist in either HCrO4
- or CrO4
- form1, hence it is anticipated the 
Cr(VI) adsorption will happen on a positively charge of adsorbent. Moreover, in the form of NWs/NSs, as the 
material is now consisted of structure in nanoscale, it is expected that the increase number of contact area for 
adsorption to occur would improve the adsorption performance. The NWs/NSs synthesized in this work are in the 
form of thin film on centimeter sized substrate (it is supported on Fe foil) thus it is expected that secondary pollution 
can be much avoided as the material can be easily sieved out from the treated water.   
Oxidation of iron and steel has been studied for the past 50 years but with the focus on mostly kinetics, oxide 
scale stability and thermodynamic characteristic as well as the protective nature of the oxide to the underlying metal. 
When iron is oxidised at high temperature, it grows a scale containing multi phased oxides with an outer layer of α-
Fe2O3. Haematite (α-Fe2O3) is known to have low toxicity and has been successfully applied in many chemical and 
biochemical applications5. α-Fe2O3 can be made to have unique morphologies for instance whiskers or plates by 
thermal oxidation of metal iron which in recent years have been termed as nanowires, nanobelts or nanosheets 
accodingly7. In fact, there have been a number of studies reported on the formation of iron oxide NWs in dry 
oxidising gas, in air or in wall-controlled environment containing certain gasses with controlled partial pressure8,9. 
Despite the success, the formation requires long oxidation time reaching 10 hours10 to produce high aspect ratio and 
dense NWs (NWs covering the surface of the metal foil uniformly). Rapid synthesis of NWs can be achieved by 
using direct plasma oxidation11, but the process seems to be more complex requiring precise control for plasma 
generation.  
It has been reported that oxidation rate of iron can be increased when oxidation is done in the presence of water 
vapour reported by various authors for examples Pujilaksono et al.12 and Yuan et al.13. Moreover, α-Fe2O3 NWs with 
so called “blades” morphology has been reported when iron is oxidised in the presence of small amount water14. 
Therefore, in this work we attempted on the formation of α-Fe2O3 nanostructures by oxidation in a furnace injected 
to it a flow of water vapour. Not only the process is simple, it resulted on the formation of NWs and NSs rapidly 
with high density. Then the potential of the nanomaterials as adsorbent of Cr(VI) was assessed. To the best of our 
knowledge, no work has been reported on the use of thermally oxidised iron as an Cr(VI) adsorbent. It is envisaged 
that, if oxidised iron can be used as an adsorbent, much of the iron or steel waste accumulated in the world can be 
reused as useful adsorbent for contaminated or wastewater treatment. Indeed this would be advantageous in reducing 
waste while providing cleaner water at the moment.   
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2. Experimental Procedure 
Iron foils with 0.2 mm thick and size of 1 x 1 cm2 (99.9%) from Nilaco Corporation were used in this work. 
Grinding on SiC paper grid 2000 was first done before the foil was ultrasonic cleaned in acetone and rinsed in DI 
water. The cleaned iron foil was placed in an alumina boat and positioned in the hot zone of a horizontal furnace. 
Oxidation experiments were done at 500 and 800 oC in water vapour for 30 and 120 minutes with heating up rate 5 
oC/min and naturally cooled to room temperature. Aerosol of water was injected into the furnace using compressor 
nebuliser model NE-C801 (Omron) with nebulisation rate of 1.5 ml/min. This water aerosol converted to water 
vapour as the oxidation temperature reached temperature above 100 oC. The morphology of the oxidised iron was 
observed by Field Emission Scanning Electron Microscope (FESEM) Zeiss Supra 35 VP and TEM model Tecnai 
G2 20 S-Twin. For phase identification, the sample was examined by XRD Diffractometer Bruker Advanced X-Ray 
Solution D8 with Cu Kα radiation (λ = 0.154 nm) and Raman spectrometer model Renishaw RL 633.  
For adsorption experiment, 200 mg/L of Cr(VI) solution was prepared by diluting 0.56 gr of K2Cr2O7 powder 
mixed with 1 litre of DI water. The pH of the buffer solution was 5 and it was adjusted to pH 2 by adding H2SO4. 
The adsorbents were immersed in the 50 ml of Cr(VI) solution at room temperature until equilibrium condition was 
reached. Aliquot 1 ml of samples was taken every 15 minutes. During the process, bubble was generated using air 
pump model Super X Classica with output 250 litre/hour for stirring purpose. The measurement of Cr(VI) was done 
by UV-Visible spectrophotometer (Perkin Elmer Lambda 35) at wavelength 540 nm assisted with diphenyl-
carbazide colourimetry method. A droplet of diphenyl-carbazide solution was added into the aliquot sample 
(colouring purpose) before it was measured. The diphenyl-carbazide solution itself was prepared by mixing 0.25 mg 
of diphenyl-carbazide powder mixed with 50 ml of acetone.  
 
3. Results and Discussion 
FESEM images of iron foils oxidised at 500 and 800 oC in water vapour for 30 minutes are shown in Fig. 1. The 
samples were tilted 45o for better viewing of the nanostructures.  As seen, the surface of the oxidised foil at 500 oC 
is consisted of flat, blade shaped structure (termed nanosheets in this work) with thickness of ~ 50 nm (Fig. 1(a)) 
whereas at 800 oC, the surface is covered with nanowires. The average height, aspect ratio and areal density of the 
NSs are 1.81 ± 0.07 µm, 5.48 ± 0.86 and 6.8 ± 0.25 NS/ 100 µm2 respectively.  On the other hand, the average 
length, aspect ratio and areal density of NWs are 8.75 ± 0.47, 11.32 ± 0.63 and 14.18 ± 0.37 NWs/100 µm2 
respectively. However, as can be seen from Fig. 1 (b), the NWs are tapered and formed sparsely from one another 
and on 500 oC sample; NWs are also observed along with the NSs. Oxidation time was then increased to 120 
minutes as to investigate its effect on the density of the nanostructure formed.   
 
 
 
Fig. 1. FESEM image of iron foils oxidised at 500 and 800 oC in water vapour for 30 minutes. 
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Fig. 2 shows the FESEM images of iron foils oxidised at: (a) 500 and (b) 800 oC in water vapour for 120 
minutes. Fig. 2 (a) shows that the NSs has average height, aspect ratio and areal density of 2.07 ± 0.3 µm, 2.52 ± 
0.74 and 5.45 ± 0.02 respectively. In Fig. 2(b), an inset shows a low magnification cross section of the surface oxide 
on foil oxidized at 800 oC.  The average length, aspect ratio and areal density of the NWs are 18.08 ± 0.52 µm, 
27.85 ± 0.5 and 22.7 ± 0.28 respectively (Fig. 2 (b)). For 800 oC sample longer oxidation time resulted in increase of 
the areal density and much more obvious nanostructures whereas for 500 oC sample, the areal density increases 
marginally but similar to 800 oC sample, the NSs becomes more obvious.    
 
 
 
Fig. 2. FESEM image of oxidized iron foils at (a) 500 and (b) 800 oC in water vapour condition for 2 hours. 
 
Fig. 3 shows the bright field TEM images of a single: (a) nanosheet formed at 500 oC and (b) nanowire formed 
at 800 oC.  Both samples were oxidised for 2 hours (i.e. similar to the sample shown in Fig. 2).  The nanowire grown 
had high aspect ratio and showed tapering from root to the tip.  The tip of the nanowire appears to be rather sharp as 
shown in Fig. 2 (b) but at some parts, we also observed a rather blunt tip with an appearance of a “bulb”.   
 
 
 
Fig. 3. TEM image of oxidised iron foils at (a) 500 and (b) 800 oC in water vapour condition for 2 hours. 
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It has been well established that oxidation of iron above 570 oC will result in the formation of: 
Fe|FeO|Fe3O4|Fe2O3 whereas below 570 
oC the FeO phase does not form and only Fe3O4 and Fe2O3 form on the Fe 
foil forming Fe|Fe3O4|Fe2O3
5,14,15.  Fig. 4 (a) and (b) are the cross sectional FESEM images of the oxidised iron at 
500 and 800 oC respectively. Oxide multi layers can be seen for both cases but obviously thicker oxide (~ 80 µm) is 
formed for the 800 oC oxidized sample. Similar findings have been reported on such multi phased oxides on 
oxidized iron15.  
 
Fig. 4. Cross sectional FESEM images of the oxidised iron at (a) 500 and (b) 800 oC for 2 hours in water vapour 
 
XRD patterns in Fig. 5 (a) shows that both of the samples have high crystallinity and consisted of two phases: 
α-Fe2O3 (JCPDS no.: 00-033-0664) and Fe3O4 (JCPDS no.: 00-019-0629). As mentioned, at temperature below 570 
oC, FeO is thermodynamically unstable and the scale formed on iron is comprised of an outer α-Fe2O3 layer and 
inner Fe3O4 layer. This is therefore expected for the sample formed at 500 
oC as labelled in Fig. 4 (a). Oxide scale 
formed is thought to proceed in the following stages (1): 
 
3 4 2 3Fe Fe O Fe Oo oD             (1) 
 
Typically the thickness ratio between the α-Fe2O3 and the Fe3O4 layer is ~ 1:10 explaining why the Fe3O4 peaks 
are stronger for the 500 oC sample. As for the case of the 800 oC sample, it is anticipated that the outermost oxide 
layer is also α-Fe2O3 and the underlying oxide is FeO + Fe3O4 as the scale structure formed at this temperature is 
often comprised if a thick inner FeO layer, a thin Fe3O4 layer and a very thin α-Fe2O3 layer with ratio 90:8:2. Oxide 
scale formation should follow the following route (2): 
 
3 4 2 3Fe FeO Fe O Fe Oo o oD             (2) 
 
During cooling period below 570 oC, FeO will transform to Fe3O4 in the form of precipitates and the defective 
FeO will slowly decompose, as seen in darker area of FeO layer Fig. 4 (b). Raman spectra in Fig. 5 (b) show that all 
the bands at 227, 245, 299, 413, 499 and 612 cm-1 correspondence to α-Fe2O316.   
100 nm  
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Fig. 5. (a) XRD patterns and (b) Raman spectra of oxidised iron foils at 500 and 800 oC in water vapour 
 
Oxidation in the presence of water vapour resulted in the formation of proton insertion coming from the 
dissociation of water within the scale during oxide growth. The proton will bind with oxygen in the oxide and alters 
the defect properties which in our case enhance the formation of the NWs and NSs.  The model for whiskers 
formation as reported by Raynaud and Rapp can be applied here to explain the mechanism of the NWs formation17 
and in the presence of water vapour, as the oxidation rate is faster, then the formation of the nanostructures is also 
faster. Oxide whiskers (or NWs in this paper) grow predominantly by surface diffusion of cations along a tunnel 
centered in the core of screw dislocation developed at the outermost surface of the oxide scale. The center core of 
screw dislocation can be characterised by high stressed region that one method to release it is by “extruding” 
materials from it. In our case, the central core can be regarded as a main path for diffusion of iron ions to occur 
(surface diffusion).  Iron ions originate from the iron foil and they must move across the multi layers before reaching 
to the outmost oxide to participate in nanowires formation.  Within the scale stress is developed at various 
interfaces, for example at the Fe2O3|Fe3O4 interface, due to the mismatch of volume and lattice parameter of Fe2O3 
and Fe3O4, the oxides are under stress. It is reported that the PBR value of Fe2O3 on Fe3O4 phase is 1.02, indicating 
that the compressive stress is generated (PBR > 1)15. As a mode for relaxation, iron ions are thought to have been 
“forced” to move outward from high-stress region at Fe2O3|Fe3O4 interface to the less stress region (at the outer 
surface of Fe2O3 layer)
9, via an easy diffusion path which in our case the central core of the screw dislocation. Iron 
ions are moving at a very fast diffusion rate through this core, reaching the tip and upon reacting with the oxygen in 
the environment would supersaturate as new oxide phase. As for the case of the NSs formation, the surface diffusion 
is thought to also compete with lateral diffusion and if lateral diffusion is faster than the surface diffusion then NSs 
will develop as seen for the 500 oC samples.  
Fig. 6 shows the Cr(VI) adsorption profile of iron oxide NWs and NSs synthesized by thermal oxidation in 
water vapour for 2 hours, with pure iron as the control sample. It can be seen that that the NWs sample could adsorb 
200 mg/L of Cr(VI) whereas NSs was 112 mg/L. A very rapid decreasing line in the first 15 minutes is suggested 
due to the spontaneous reaction between the adsorbate and adsorbent. As the contact time increases, the reaction was 
able to be controlled and equilibrium condition was reached after 90 minutes of contact.  
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Fig. 6. Cr(VI) adsorption profile on iron oxide NSs and NWs 
 
The main mechanism of Cr(VI) adsorption is due to the electrostatic reaction between the adsorbate and the 
adsorbent. In this work, the Cr(VI) solution used has pH 2. Since the Cr(VI) ions at pH 2 is in a form of negative 
ions HCrO4
- 18, then the surface charge of iron oxide NWs/NSs should be protonated for adsorption to occur. The 
pHzpc of α-Fe2O3 is in the range of 7.2-9.54. By setting the pHadsorbate<pHzpc of adsorbent, surface charge of adsorbent will 
be protonated thus allowing it to attracts the Cr(VI) negative ions19. In acidic solution, the supply of proton (H+) 
causing the protonation of iron oxide and its surface charge become positive (S-OH2
+)5. Hence electrostatic reaction 
between the positively charge of iron oxide sample (S-OH2
+) and negative chromate ions (HCrO4
-) occurs leading 
the removal of Cr(VI) from the solution. As the sample is immersed into the Cr(VI) solution, the iron oxide is 
covered by hydroxyl group (S-OH) due to the reaction at solid-solution interface5 and once the adsorption is 
completed, the adsorbent which is the oxidised iron foil with NWs or NSs as the outermost layer can be easily 
removed from the solution.  To compare the adsorption capability of NSs and NWs, it is evident that the NWs 
adsorbed Cr(VI) more compared to NSs. One can explain such observation by considering the properties of 1-D 
nanostructure, which may possess higher reactivity as compared to the NSs.   
4. Conclusion 
Iron oxide NSs and NWs were synthesized by thermal oxidation in water vapour atmosphere at 500 and 800 oC. 
Oxidation at 500 oC results on NSs structure whereas 800 oC is NWs. The Cr(VI) adsorption study showed that the 
iron oxide NWs structure could adsorb 200 mg/L of Cr(VI) and NSs is 112 mg/L with time 90 minutes. It is 
suggested that the Cr(VI) removal due to the electrostatic reaction between the negative chromate ion and positively 
charge of adsorbent.  
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